Introduction
Greenhouse gas emissions as a cause of global warming, primarily carbon dioxide CO2 as well as other undesirable flue gas components such as NOx and SO2, have been enormously increased for the last seven decades, Figure 1a . Various scenarios of temperature increase on Earth up to year 2100, out of which a critical scenario with a 2 °C increase in temperature is set, Figure 1b . Likewise, with the aim of limiting and reducing greenhouse gas emissions as the cause of global warming of the planet Earth, the measures and recommendations expressed through protocols and agreements, such as the Kyoto Protocol of 1997 and the Paris Agreement of 2015/16, will continue to evolve. The intention is to substitute the use of fossil fuels in final energy production through the application of appropriate new technical and technological measures and in particular by the introduction of renewable energy sources, thus reducing the CO2 emissions by 40% by 2050.
Multi-fuel operation of coal fired power stations, running co-firing different kind of biomass with coal, is nowadays mainly done to provide fuel mix diversity in order to reduce CO2 emissions, improve security of supply and reduce operational costs by fuel cost optimization. In the last decade, significant progress was made in the utilization of biomass in coal-fired power plants. Over 250 units worldwide have either tested or demonstrated co-firing of biomass or are currently co-firing on a commercial basis, as reported by KEMA (Kema 2009) . Coal is often replaced with up to 30% of biomass by weight in pulverised coal based power plants, as in Belgium, Canada, Denmark, Finland, the Netherlands, Sweden, United Kingdom, Germany, Poland and the United States. Most of these projects refer to co-firing biomass with high-rank coal (both bituminous and anthracite), while availability of projects on biomass co-firing with low-rank subbituminous coal and lignite is scarcer, like the project involving Greek lignite reported by Kakaras (Karakas et al. 2000) . Furthermore, progress is made in application of different types of municipal solid waste as a fuel in coal-based power plants (solid recovered fuel -SRF or refuse derived fuel -RDF, including their gasification), or even co-firing with sewage sludge (Wischnewski et al. 2006) . The work used a drop tube furnace to evaluate the combustion behaviour and ash properties of biomass, waste derived fuels, pine and coal. Kupka et al. (2008) investigated the ash deposit formation during the process of co-firing coal with sewage sludge, saw-dust and refuse derived fuels in a drop tube furnace, to optimize biomass co-firing blends (Kupka et al. 208) . Williams et al. (2012) investigated the emission of pollutants from solid biomass fuel combustion (Williams et al. 2012) . Bosnia and Herzegovina has significant coal reserves (lignite and brown coal). According to the latest estimates, the balance and exploitation reserves of coal in are about 4.5•10 9 t, of which about 40% refers to brown coal and about 60% to lignite. However, the quality of coal in Bosnia and Herzegovina is significantly different from one basin to another and even from one mine to another within the same mining basin. The basic characteristics of these coals are: low heating value, high mineral mass and moisture content and poor reactivity (Study EP BIH 2014) .
Though the reconstruction and modernization of thermoblocks in EP BiH (Public Enterprise Electric Utility of Bosnia and Herzegovina) has been achieving certain results in the sense of improving energy efficiency, due to the obsolete technology of existing thermoblocks and relatively low heating value of domestic coals, the specific CO2 emission from thermal power plants (TPP) is still high compared to modern thermoblocks in Europe and the world. Figure 1c Results of the research carried out at the Mechanical Engineering Faculty -University of Sarajevo under the ADEG project, show that biomass could be the second most significant renewable energy source after hydro potential -it is estimated that the total annual technical energy potential of biomass remains in BiH is more than 33 PJ (ADEG 2007) , which is equivalent to more than 3 million tons of BIH lignite.
Due to the need for further reduction of CO2 emissions, in current research in the world focus is especially on exploring these phenomena in the combustion of various coal blends and co-firing coal with different types of biomass. The application of one or more primary measures at the same time in the combustion chamber/combustion zone is an inevitable technical and technological setting. These studies have resulted in the introduction of co-firing in 230 TPPs in the EU. In addition to the various technical solutions for the use of biomass in co-firing, the significant introduction of different types of biomass (waste biomass, energy crops) and gaseous fuels (natural gas, biogas) into the combustion process with coal as the base fuel of the thermal power plant, depending on availability and economic eligibility, represents the multi fuel concept (MFC).
Aim of the work and fuel test matrix
Co-firing of coal with waste woody biomass is the subject of this paper, ie. the determination of the characteristics, behavior and characteristic phenomena of this co-firing in different ambient and technological conditions. This applies primarily to the application of primary measures in the combustion chamber aimed at reducing emissions (for example, different mass and/or energy partaking of component fuels in the mix, different temperature conditions/regimes, gradual combustion by zonal fuel and/or air supply, additional combustion using natural gas -reburning technology). This is achieved by combusting mixture of component fuels in the experimental plant: an automatically controlled coal and biomass pipe reactor, where it is possible to achieve process temperatures ranging from ambient temperatures up to 1560 °C and varying the excess air coefficient with the possibility to vary air and fuel distribution (Hodžić 2016) - Figure 2 .
In the work the results of the exploration of the cofiring coals from Middle Bosnian mining basin (label U) with waste woody biomass (spruce and beech sawdust in weight ratio 1:1, label B) by staging the combustion of the base fuel are discussed. In the Table  1 the overview of test regimes under conditions of pulverized combustion technology with wet bottom ash discharge is given.
Co-firing of coal with woody biomass was carried out at process temperatures of 1350, 1400 and 1450 °C with air staging and excess air coefficient of 1.20. During test regimes, the process temperature, fuel consumption, air flow (primary, secondary/tertiary and OFA), as well as the composition of flue gas (O2, CO, CO2, NO, NO2, NOx i SO2) were measured. Based on the measured and analyzed samples of combustion products, the characteristics of the co-firing process are determined, for example the efficiency of applying one or more primary measures in the combustion chamber to the emissions of flue gas components. 
Results of the investigation
NOx emissions for the case of combustion with staging base fuel, at a process temperature of 1350 °C and for two different percentages of base fuel introduced into the combustion chamber (5 and 10% by weight), are shown in Figure 3a . (Hodžić et al. 2016) . The effects of applying 10% of the basic fuel stage to the NOx emission depending on the process temperature, for the fuels of different composition, are presented in Figure 3b . For example, at temperature of 1450 °C for coal (U100), this emission decreased from 892 to 694 mg/ 3 n m (more than 22%) relative to the emission at the same temperature, quantity and mode of air supply but without fuel staging. It should be noted that in these test regimes there was a significant increase in CO content in flue gases, for example U100: 686 mg/ 3 n m at 1350 °C and 140 mg/ 3 n m at 1450 °C. The effect of the staged fuel intake into the reaction zone on SO2 emissions is shown in Figure 3c . These emissions, recorded during test regimes for different fuel compositions and for base fuel staging of 5% and 10%, are practically at the SO2 emission level as in the case of combustion without fuel staging (U100, 0% m). In average, this emission is around 5500 mg/ As mentioned earlier, during the staging of the base fuel, there is a significant increase in CO emissions in relation to the emissions without fuel staging. Compared are CO emissions measured during the combustion of the same fuel, at the same temperature, with the same coefficient of excess air and for the same mode of air supply. The reason for this is shorter path of combustion of fuel particles (coal and/or biomass) which were subsequently introduced into the combustion zone. In case of introducing the base fuel to the OFA 1 intake position, the available combustion path is about 2/3 of the particle combustion path as in the case the fuel is introduced directly into the burner (Hodžić 2016). Increased CO emission is particularly pronounced at the lower combustion test temperature (1350°C) and for fuel with larger granulation fractions (about or above 1 mm), e.g. fuel U90B10 (Figure 4a ). The CO emission is quite high and at temperatures of about 1450°C is still above 200 mg/ 3 n m in average. The test regimes with staging the base fuel were followed by a lower CO2 emission compared to emissions without fuel staging (Figure 4a ). This is particularly evident at temperature of 1350 °C: average CO2 emission is 0.238 mg/ Obtained results and knowledge are very important in the design of new but also in the reconstruction of existing boilers of TPPs in terms of introducing staged fuel combustion. It is clear that the advantages of fuel staging in terms of NOx emission reduction are generally followed by potential disadvantages that are reflected through increased CO emissions in flue gases, and increased content of burnable matter in ash during these combustion regimes. This has shown that the choice of the position of subsequent introduction of staged fuel is very important and has an opposite effect on NOx emissions and combustion efficiency: for example, at combustion temperature of 1350°C, NOx emission is decreased by 15% (relative) and CO emission is increased by over 20 times with staged intake of base fuel U100 at approx. 1/3 of the combustion chamber height (Figure 4b ). Efficiency of applied primary measures (%) in the combustion chamber is reflected through decrease of NOx emission compared to the emission of conventional combustion. In this case, the test regimes were performed with the staging of the base fuel and the combustion air at the same time (simultaneous application of two primary measures in the combustion chamber). Significant emission reduction is noticeable at temperature of 1450 °C, from 1154 mg/ 3 n m to 615 mg/ 3 n m , or for almost 50%.
The results refer to NOx emissions for combustion of coal U100, Figure 5a . The emission of NOx during cofiring of coal with biomass (U95B5) while applying various primary measures in combustion chamber is shown in Figure 5b . In the same figure the efficiency of these measures by reducing emissions compared to the emissions of conventional combustion is shown. The results refer to the combustion temperature of 1450 °C, (Hodžić 2016) .
From the results shown in Figure 5a it comes to the conclusion that the efficiency of primary measures by staging the air and/or the base fuel is weakened while increasing the process temperature. Specifically, the efficiency of staging the base fuel at temperature of 1450 °C is 21% compared to 32% at 1350 °C, (Hodžić et al. 2017 , Hodžić et al. 2015 .
Conclusions
According to the results of the research, the following conclusions are emphasized: -The NOx emission during co-firing coal with waste woody biomass is at the level of emission when the mixture of coals only is combusted. There is practically no change in this emission with the change of woody biomass fraction in the blend. Depending on the delivery mode of the combustion air the average NOx emission difference is 250 mg/ 3 n m . For conventional air supply the average emission is 942 mg/ 3 n m , while in the case of air staging it is 692 mg/ 3 n m .
-The SO2 emission is slightly reduced with the increase of the fraction of the woody biomass in the blend and practically does not depend on the way of combustion air supply. These emissions are high and generally exceeding 5000 mg/ 3 n m .
-With increasing the fraction of the woody biomass in the blend net CO2 emission is proportionally reduced, which at 10% of the biomass is 0.233 kg/ 3 n m .
-The NOx emission depends on the location of the OFA air into the combustion chamber. Thus, the NOx emission is minimal when supplying OFA air at position 1 (1 m from the burner outlet level or 1/3 of the length of the reaction tube), while it is slightly higher in the case of the supply at position 2 (1.3 m from the burner outlet level or at more than 1/3 of the total length of the reaction tube). With the simultaneous supply of OFA air to both positions (1 and 2), the NOx emissions are practically the same as in the case of supply at position 2. The location of the OFA air supply (positions 1 and 2) does not affect the SO2 emission value. -Co-firing coal with woody biomass with air staging results in not only lower net CO2 emission, but also in lower NOx emission up to about 25% in relation to emission without the application of this primary measure in the combustion chamber. -Results of laboratory and on-site research show that regimes of co-firing coal with woody biomass generally have a positive effect on the operation of TPP Kakanj, especially through reduction of CO2 emission and the possibility of achieving financial benefits. -NOx emission is reduced in the case of combustion with fuel staging. This reduction is proportional to the part of the fuel that is introduced into the reaction zone afterwards. In the case of feul staging of 10%m and temperature of 1350 °C, the reduction of NOx emissions is about 100 mg/ 3 n m or 15% on average compared to emissions of combustion without fuel staging. -With increasing the combustion temperature, the efficiency of this primary measure is also increasing in terms of NOx emission. For example, at a temperature of 1450 °C for fuel U100, this emission decreased from 892 mg/ 3 n m to 694 mg/ 3 n m or more than 22% relative to the emission at the same temperature, quantity and mode of air supply but without fuel staging. -In the case of combustion with staged base fuel intake significant increase in CO content in flue gases appears, for example for the fuel U100: 686 mg/
